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Introduction: To investigate the role of the low-density lipoprotein receptor-related protein 5 (Lrp5) in bones'
responses to loading, we analysed changes in multiple measures of bone architecture in tibias subjected to
loading or disuse in male and female mice with the Lrp5 loss of function mutation (Lrp5−/−) or heterozygous
for the Lrp5 G171V High Bone Mass (HBM) mutation (Lrp5HBM+).
Materials and methods: The right tibias of these 17 week old male and female mice and their Wild Type (WT)
littermateswere subjected to short periods of loading three days aweek for twoweeks. Each tibiawas loaded for
40 cycles, to produce peak strains at the midshaft within the low, medium or high physiological range (~1500,
2400 and 3000 microstrain, respectively). In similar groups of mice the right sciatic nerve was severed causing
disuse of the right tibia for 3 weeks. Data from microCT of loaded, neurectomised and contra-lateral control
tibias were analysed to quantify changes in the cortical and cancellous regions of the bone in the absence of
functional strains and in response to graded strains in addition to those derived from function.
Results and conclusion: Male WT+/+ controls showed signiﬁcant strain:response curves for cortical area and
trabecular thickness, but Lrp5−/− mice showed no detectable strain:response in those same outcomes. Female
mice of either WT+/+ or Lrp5−/− genotype did not show signiﬁcant strain:response curves for cortical or
trabecular parameters, the one exception being Tb.Th in Lrp5−/−mice. Since femaleWT+/+mice did not respond
to loading in a signiﬁcant dose:responsive manner, the similar lack of responsiveness of the Lrp5−/− females
could not be ascribed to their Lrp5 status. Cortical bone loss associated with disuse showed no differences
between Lrp5−/−mice andWT+/+ controls, but in cancellous bone of bothmale and females of thesemice, there
was a greater loss than inWT+/+ controls. In contrast, the tibias of male and female mice heterozygous for the
Lrp5 G171V HBM mutation showed greater osteogenic responsiveness to loading and less bone loss associated
with disuse than theirWTHBM− controls. These data indicate that the presence of the Lrp5G171V HBMmutation
is associated with an increased osteogenic response to loading but support only a marginal gender-related role
for normal Lrp5 function in this loading-related response.
© 2011 Elsevier Inc. Open access under CC BY license. Introduction
Bone mass and architecture are thought to adapt to be appropriate
for the mechanical loading they experience by a mechanism in which
load-induced strains, within the bone tissue, inﬂuence resident bone
cells to control modelling and remodelling to achieve and maintain
target levels of strain. The mechanism(s) by which resident bone cells
respond to their strain environment is complex and involves the
activation of a number of signalling pathways including the canonicaly Basic Sciences, The Royal
0TU, UK.
ristol.ac.uk (L.E. Lanyon).
 license. Wnt pathway, prostaglandins, nitric oxide, extracellular signal-related
kinases and oestrogen receptor-α [1–6].
The involvement of the Wnt pathway in strain-related regulation of
bone architecture was predicted from the discovery that two unrelated
families of Caucasian origin, with bones of essentially normal appearance
but BMD z scores ranging from 4 to 7, had an autosomal dominant
mutation mapped to the gene for the low-density lipoprotein receptor-
related protein 5 (Lrp5) [7,8]. It is through the Lrp5/Frizzled co-receptor
that extracellular Wnts activate the Wnt pathway. Discovery of this
association between mutation of the Lrp5 gene and high bone mass
occurred around the same time as the realisation that osteoporosis
pseudoglioma syndrome (OPPG), a rare autosomal recessive condition
characterised by low bone mass, was associated with a loss of function
mutation in the same Lrp5 gene [9]. An explanation for the skeletal
185L.K. Saxon et al. / Bone 49 (2011) 184–193phenotype of both these groups could be that the osteoregulatory effects
of mechanical strain inﬂuenceWnt signalling through the Lrp5 receptor.
This explanationenvisages the lowbonemass inOPPGpatientsbeingdue
to inadequate strain-related stimulation of the Wnt pathway resulting
from failure of Wnt stimulation at the Lrp5 receptor [8–10]. The high
bonemass (HBM) inpeoplewith the Lrp5mutation couldbeexplained as
being due to an exaggerated response to strain-related stimulation at the
same receptor [8,10].
A potential mechanism for this hypothetical link between the
osteogenic effects of strain and the Wnt pathway became evident with
reports that sclerostin was a ligand for the Lrp5 receptor [11,12].
Sclerostin, the protein product of the SOST gene predominately
expressed in osteocytes, is down-regulated by high local mechanical
strain in vivo and SOST expression is up-regulated in the absence of
loading [3,13]. Thus in normal individuals high strains would act to
depress sclerostin production allowing increased activity of the Wnt/
Lrp5 pathway and enhanced bone formation. Low strains would be
associated with high levels of sclerostin which would down-regulate
activity of the Wnt/Lrp5 pathway with subsequent reduced bone
formation. This could be one of the ways in which functional strains
inﬂuence bone mass.
Experiments onmice have shown that animals with the Lrp5 G171V
HBMmutation recapitulate the HBM phenotype found in humans [14].
Thosewith the Lrp5 loss of functionmutation also have a lowbonemass
phenotype similar to humans with OPPG [15]. Sawakami et al. (2006)
report that the osteogenic response to mechanical load is signiﬁcantly
lower in male and female mice with the Lrp5 loss of function mutation
(Lrp5−/−) compared with Wild Type (WT+/+) controls [16], while
Akhter et al. (2004) report that load-induced cortical bone formation is
higher in female mice heterozygous for the Lrp5 Gl71V HBM mutation
(Lrp5HBM+) than in their WT (WTHBM−) controls [17]. Both of these
reports are consistent with the hypothesis that Lrp5/Wnt signalling is
involved in the osteoregulatory response of cortical bone tomechanical
loading.
Both Sawakami et al. and Akhter et al. performed their experiments
using the axially loadable ulna technique originally developed in the rat
by Torrance et al. [18] but now routinely applied to themouse [3,16,19–
21]. One disadvantage of using the ulna is that it does not allow
examination of loading-related effects on (re)modelling in trabecular
bone. Another disadvantage is that it is not easy experimentally to
induce disuse in the front limb and to assess the effects of removal of
normal functional loading. To avoid both these disadvantages we used
the axially loadable tibia technique [21] and applied different load
magnitudes to the tibias of male and female mice, either expressing the
Lrp5G171VHBMmutation [14]or the Lrp5 loss of function [15] and their
respectiveWTcontrols. In addition to examining the osteogenic effect of
additional loading at different magnitudes we also examined the effect
of disuse which we imposed by unilateral sciatic neurectomy. By these
means we compared the responses in bones of mice of both genders to
1) the degree of bone loss when functional loading is removed—which
could represent the degree of elevation of bone mass from basal
(genetically determined) levels due to normal functional loading; and
2) the increment of loading-related new bone stimulated per unit of
strain to which they were exposed — which is a measure of their
responsiveness to strain. Our hypothesis was that high responsiveness
to loading would be associated with increased bone loss due to disuse
and a steep “responsiveness” curve between strain magnitude and the
increase in new bone formation.
Materials and methods
Animal model
Two mouse colonies were used, one which expressed the G171V
HBM mutation to the Lrp5 gene, the other Lrp5 knock-outs lacking any
Lrp5 activity. Both colonies were generated as previously reported[14,15,22]. The Lrp5−/−micewere created on a C57BL/6J backgroundby
generating an allele that disrupts the extracellular domain of Lrp5 by
inserting an IRES-Lac-Z/Neomycin cassette at amino acid 373 [15].
Whencorrectly targeted, this allele producesno functional Lrp5 receptor
or receptor fragments [15]. To create the Lrp5−/− mice used in these
experimentswe interbredmice thatwere heterozygous for the targeted
disruption of Lrp5 and obtainedWT+/+, Lrp5+/− and Lrp5−/− offspring.
Genotypingwas performed byPCRofDNAobtained fromear biopsies in
mice at 3 weeks of age. Wild Type alleles were ampliﬁed using primers
P1 located in intron 6 (5′-GCCTAGCAAGGGCAGAACAG-3′) and P2
located in intron 7 (5′-CTGGCCTCTGCATGAAACTCT-3′). Mutant alleles
were ampliﬁed using PCR primers P1 and P3 located in LacZ sequence
(5′-TCTTCGCTATTACGCCAGCTG-3′). A 278 base pair fragment was
identiﬁed inWT+/+ mice and a 200 bp fragment in Lrp5−/−mice. Both
fragments were found in Lrp5+/−mice.
The Lrp5HBM+ mouse contains two normal copies of the Lrp5 gene
and one copy of the human Lrp5 gene with the HBMmutation (G171V)
linked downstream of a 3.6-kb rat type 1 collagen promoter and
integrated into the C57BL/6Tac mouse genome [14]. Babij et al.
conﬁrmed the integration and integrity of the transgene using Southern
blotting of genomic DNA [14]. In the HBM colony, male Lrp5HBM+ and
female FWTHBM− mice were mated resulting in male and female
offspring for the Lrp5HBM+ and WTHBM− mice. At 3 weeks of age,
genotyping of ear snip DNA was performed by PCR using the following
forward and reverse primers: 5′-GAA TGG CGC CCC CGA CGA C and 5′-
GCT CCC ATT CAT CAG TTC CAT AGG, respectively. Lrp5HBM+ mice
showed a 524 bp fragment andWTHBM−mice did not.
Mice from both colonies were housed up to 5 per cage in
polypropylene cages with wood chip and paper bedding and provided
standard mouse chow and water ad libitum throughout the study.
Weaners up to 8 weeks of age were fed a standard rodent breeding diet
and thereafter a standard rodentmaintenancediet (SpecialDiet Services,
South Witham, UK). All procedures complied with the UK Animals
(Scientiﬁc Procedures) Act 1986 and were reviewed and approved by
the ethics committee of the Royal Veterinary College (London, UK).
Mechanical strain measurement during dynamic axial loading
The magnitude of longitudinal mechanical strain at the tibial
midshaft resulting from the loads applied to the tibia was established
ex vivo in a sub-sample of male and female Lrp5HBM+ and Lrp5−/−mice
and their respective WT littermate controls. In each mouse a single
element strain gauge (EA-06-015DJ-120, Vishay Measurement Group,
NC)was bondedwith cyanoacrylate adhesive in longitudinal alignment
to the medial aspect of the tibia at 37% of its length from the proximal
end. Previous studies have shown that this region corresponds to the
site of greatest osteogenic response to similar loading [23]. Strainswere
measured across a range of peak compressive loads between 8 and 30 N
(Figs. 1 A–B). These peak loads were appliedwith a ramped trapezoidal
waveform using the same servo-hydraulic machine (Dartec HC10,
Zwick Roell, Herefordshire, UK) used for in vivo loading. When the
compressive force is applied to the tibia the bone bends in the medial-
lateral direction resulting in tension on the medial surface and
compression on the lateral surface [24]. From the data in Figs. 1 A–B,
three magnitudes of peak load were selected for use in the loading
experiment. These were chosen to engender measurable, graded
osteogenic responses without causing damage to the bones or joints
or the skin through which the loads were applied.
Prior to the in vivo loading experiment, strain gauges were used to
measure the longitudinal strains applied to the medial surface of the
tibia (ex vivo) for each group of mice across a range of compressive
forces (Figs. 1A–B). The strain engendered at each load (N) was
signiﬁcantly less in the male and female Lrp5HBM+ mice compared
with their WTHBM− littermates (pb0.01) and signiﬁcantly greater in
the male and female Lrp5−/− mice compared with their WT+/+
littermates (pb0.01). Fig. 1C demonstrates that these strains strongly
Fig. 1. A–B. Strain gaugemeasurements (με) recorded on the proximal-medial aspect of the tibia (37% of bone length) in the Lrp5HBM+ and Lrp5−/− colonies. Different letters denote a
signiﬁcant difference in the strains measured between the groups (pb0.01). Lower strains were associated with a larger cortical area in both male and female Lrp5HBM+ mice;
conversely higher strains were associated with a smaller cortical area in male and female Lrp5−/− mice. The ranking in terms of resistance to strain was M Lrp5HBM+, F Lrp5HBM+,
MWTHBM−, MWT+/+, FWT+/+, FWTHBM−, M Lrp5−/−, F Lrp5−/−. C. Relationship between cortical area and strain measured at the same site when 12 N of load was applied during
ex vivo strain gauging. The strong linear relationship (r2=0.83, pb0.01) reﬂects the higher strains measured in the smaller bones of the Lrp5−/−mice compared with lower strains
recorded in the larger bones of the Lrp5HBM+mice. D. Schematic of the loading regime used for the in vivo loading experiment. Data shown are the mean±SE (n=5/group).
186 L.K. Saxon et al. / Bone 49 (2011) 184–193correlated with the cortical area measured at this site in each group of
mice (r2=0.83, pb0.01).
In vivo bone loading — the tibia loading protocol
Seventeen week old male and female Lrp5HBM+ or Lrp5−/− mice
and their respectiveWT littermates were randomly assigned to one of
three loading groups (n=8/group). While under oxygen and
halothane anaesthetic (Merial, Ireland) the right tibia from each
mousewas axially loaded on 3 alternate days per week for 2 weeks for
40 cycles/day with a trapezoid waveform, with 14.9 second rest
between cycles (Fig. 1D). The left tibia was used as a non-loaded
control to allow side-to-side comparisons for the effects of loading on
(re)modelling. The use of the contra-lateral limb as a control using
this protocol has been validated in our laboratory by comparing (re)
modelling in the bones of limbs contra-lateral to those used in loading
experiments with that in normal limbs of separate animals to which
no loads had been applied [25]. All mice were allowed normal cage
activity in between loading sessions. At 19 weeks of age, the mice
were euthanized and their tibias dissected free of soft tissue and
stored in 70% ethanol.
Reduced bone loading — sciatic neurectomy
At 14 weeks of age, female and male Lrp5HBM+, Lrp5−/−, WTHBM−
andWT+/+mice (n=6 to 9) underwent unilateral sciatic neurectomy
to remove functional load bearing of the right tibia [26]. The mice
were anaesthetised using halothane and oxygen, the sciatic nerve
approached from its dorsal surface and a 3 mm section excised. The
wound was sutured and the mice recovered in a heated cage. The left
tibia served as a control. Three weeks after neurectomy the mice were
euthanized and the right and left tibia were extracted and stored in
70% ethanol until they were scanned using microCT.MicroCT
The entire tibias from loaded and sciatic neurectomised groupswere
scanned ex-vivo at a resolutionof 4.9 μm×4.9 μmusingmicro computed
tomography (Skyscan 1172, Belgium). Analysis of cortical bone was
performed using a 0.49 mm long segment (or 100 tomograms) at 37% of
the tibias' length from their proximal ends. This was the site where the
strain gauges were attached and where previous experiments had
established a substantial osteogenic response to loading [23]. For
analysis of the cortical bone compartment, 2D computation was used
and parameters determined for each of the 100 tomogramswhichwere
then averaged. The parameters chosen for cortical bone were: total
(periosteally enclosed) area,medullary (endosteally enclosed) area and
cortical bone area (total–medullary). For trabecular bone,we analysed a
region of secondary spongiosa located distal to the growth plate in the
proximal metaphysis and extending 0.98 mm (or 200 tomograms)
distally. Woven bone was detected in less than 10% of all loaded mice.
Histomorphometric analysis in 2- and 3-dimensions (2D, 3D) was
performed by Skyscan software (CT-Analyser v.1.5.1.3). For analysis of
cancellous bone the cortical shell was excluded by operator-drawn
regions of interest and 3D algorithms used to determine: bone volume
percentage (BV/TV), trabecular thickness (Tb.Th), trabecular number
(Tb.N) and trabecular spacing (Tb.Sp). Coefﬁcients of variation (CVs)
were determined by repeating full scan (including repositioning)
reconstruction and analysing the same sample 4 times. The CV of each
parameter was determined as the ratio between the standard deviation
and themean. TheCVs for relevant parameters are the following: BV/TV:
1.57% and Tb.Th: 1.61% and cortical area: 0.11%.
Statistical analysis
An analysis of variance (ANOVA) was used to determine the main
effects of gender and genotype and any interaction between these on all
phenotypic measurements and on the percent side-to-side difference
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187L.K. Saxon et al. / Bone 49 (2011) 184–193between the right sciatic neurectomised and left control limbs ((R−L)/
L*100). When a signiﬁcance value of b0.05 was detected a Bonferroni
post-hoc analysiswas undertaken. All datawere analysed using SPSS for
Windows, Version 16.0 (SPSS Inc., Chicago, IL, USA).
To assess the effects of sciatic neurectomy and loading, paired
sample t-tests were conducted on the treated vs. the non-treated
control limbs. Un-paired t-tests were performed on the percent change
due to loading between Lrp5HBM+/Lrp5−/− mice and their WT
littermates at similar magnitudes of strain. For each genotype we then
compared the bone changes in response to the threemagnitudes of load
applied in vivo. We did this by plotting the percent side-to-side
difference in the loaded vs. non-loaded limbs at their corresponding
strain.We couldﬁndnocurve thatﬁtted thesedata better than a straight
line and so for the purposes of analysis we proceeded on that basis. For
each group of mice we used an ANCOVA using strain as a covariate to
establish the presence of signiﬁcant genotype:strain interactions.When
these were detected we ran a contrast analysis in SAS for Windows
Version 9.2 (SAS Institute Inc, Cary, NC, USA) to establish whether the
slope of the strain:response line was signiﬁcantly different from zero
(indicating a statistically signiﬁcant dose:response) and whether it was
signiﬁcantly different from that in the other groups. All tests were
considered signiﬁcant at pb0.05.
Results
Basal phenotype
The phenotype of the male and female mice from Lrp5HBM+ and
Lrp5−/− colonies and their respective WT littermate controls were
similar to those previously reported [14,15]. In summary, there was
no signiﬁcant difference in tibial bone length or body weight between
the WTHBM− and Lrp5HBM+ mice, but all measures of cortical and
cancellous bone, except Tb.Sp, were higher in the Lrp5HBM+ animals
than their WTHBM− controls. In the Lrp5−/− colony, body weight was
signiﬁcantly greater in WT+/+ mice than Lrp5−/− mice but there was
no difference in tibial length. All cortical bone parameters, except
medullary area, and all measures of cancellous bone, except Tb.Sp,
were lower in the Lrp5−/− animals than their WT+/+ controls.
Interestingly, animals from the WT+/+ background have a slightly
more robust cortical bone phenotype than those of the WTHBM−,
whereasWTHBM− have a more robust trabecular bone phenotype than
those of the WT+/+.
The response to disuse
From Table 1 it can be seen that gender had a signiﬁcant effect on the
magnitude of change in cortical area and total area in response to sciatic
neurectomy.Femalemice lostmorecorticalbonethanmalemice(−12.5%
vs. −8.3%, respectively, pb0.001, data not shown) due to a greater
reduction in total area. Genotype also had an effect on change in cortical
area, with the Lrp5HBM+ mice losing less bone than all other genotypes
(−5.5% vs.,−14.4%WTHBM−,−10.4%WT+/+,−11.4% Lrp5−/−, pb0.05,
data not shown). In contrast, no difference in cortical bone loss was
detectedbetween Lrp5−/−mice and theirWT+/+ littermates. A three-way
interaction between gender, genotype and sciatic neurectomy was only
detected for medullary area. The post-hoc analysis showed that female
Lrp5HBM+ mice experienced less endocortical expansion than female
WTHBM− mice (medullary area: 6.3±3.8% vs. 16.4±2.2% respectively,
pb0.05), no other differenceswere detected betweenmale Lrp5HBM+ and
theirWTHBM− littermates or betweenmale and female Lrp5−/−mice and
theirWT+/+ littermates.
In cancellousbone, genderhada signiﬁcant effect on themagnitudeof
sciatic neurectomy-induced change in Tb.Th and Tb.N, but not BV/TV or
Tb.Sp, with male mice losing slightly more Tb.Th (−20.2% vs. −16.7%,
respectively, pb0.05, data not shown) and females losing more Tb.N
(−24.9% vs. −22.9%, respectively, pb0.05, data not shown). Genotype
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cancellous bone. Lrp5HBM+mice experienced less loss in BV/TV than their
WTHBM− littermates (−17.2% vs.−43.3%, respectively, pb0.05, data not
shown). This could be attributed to a reduced loss in Tb.Th and Tb.N. In
contrast, Lrp5−/−mice showed a greater loss in BV/TV than theirWT+/+
littermates (−52.4% vs. −41.3% respectively, pb0.05, data not shown)
due to a greater reduction in Tb.N and increase in Tb.Sp. A three-way
interaction between gender, genotype and sciatic neurectomy was not
detected for any of the cancellous bone parameters; therefore bone loss
was similar in male and female mice within each genotype. The
trabecular architecture in the control and sciatic neurectomised limbs
of the eight groups of mice are illustrated in Fig. 2.
In summary these ﬁndings show that the degree of cortical and
cancellous bone loss associated with sciatic neurectomy is affected by
Lrp5 status. The presence of the Lrp5 HBM mutation is associated with
less loss in cortical and cancellous bone than in theirWTHBM− controls.
The lack of difference in cortical bone loss with disuse between Lrp5−/−
mice and theirWT+/+ controls indicates that normal Lrp5 function has
no effect on this process. However, in cancellous bone absence of Lrp5 isFig. 2. Representative microCT images of trabecular bone in the sciatic neurectomised (righ
mice.associated with a greater decrease in Tb.N and increase in Tb.Sp than in
WT+/+ controls.Sensitivity to graded mechanical loading in vivo in Lrp5−/− mice
Mechanical loading signiﬁcantly and dose-responsively increased
the cortical bone parameters, % cortical bone area and % total area in
WT+/+ males, but Lrp5−/− males showed a complete absence of
cortical bone responses (Table 2, Fig. 3). FemaleWT+/+ mice failed to
respond dose-responsively to loading for cortical bone parameters
(Table 3), but some of the individual load groups produced signiﬁcant
side-to-side loading effects for cortical variables (Table 2). Like their
WT counterparts, Lrp5−/− females showed no dose–response to
loading in cortical parameters, but signiﬁcant side-to-side loading
effects for some cortical bone parameters were found (Table 2 Fig. 3).
Half of the signiﬁcant side-to-side loading effects found in Lrp5−/−
females were found in outcomes/strains that did not engender effects
in the female WT+/+ mice, which complicated the interpretation.t) and contra-lateral normally loaded control tibias (left) from each of the 8 groups of
Table 2
Percent change in the response to loading in all 8 groups ofmice at their correspondingmagnitudes of strain (mean±SE, n=8/group). Paired t-tests were performed on the loaded vs. the non-loaded limbs; signiﬁcant differences are shown in
bold (pb0.05 to b0.001). Unpaired t-tests were conducted on the percent change in Lrp5HBM and Lrp5−/− mice compared with their WT littermates at similar magnitudes of strain. * pb0.05 to b0.001.
F WTHBM− F Lrp5HBM+ F WT+/+ F Lrp5−/− M WTHBM− M Lrp5HBM+ M WT+/+ M Lrp5−/−
Cortical bone
Very low strain 1570±100 με (14 N) 1140±160 με (14 N)
Cortical area % 7.8±1.9 1.0±2.9
Total area % 4.8±0.6 0.1±2.4
Medullary area % 0.4±2.5 −1.1±2.9
Low strain 2220±160 με (9 N) 2220±100 με (19.8 N) 2150±120 με (9 N) 1910±250 με (6 N) 1630±120 με (11.5 N) 1630±330 με (19.8 N) 2150±100 με(12.5 N) 2220±280 με (6 N)
Cortical area % 1.4±0.9 17.4±1.8* 2.4±1.4 2.5±0.5 2.0±1.2 6.8±4.1 0.2±1.8 −0.2±1.9
Total area % 2.2±1.4 9.4±1.4* 4.6±1.2 1.9±1.0 0.2±1.4 3.0±2.2 0.1±1.5 −0.7±0.7
Medullary area % 3.4±2.7 −4.4±1.6* 9.8±3.8 1.1±2.3 −2.2±2.3 −2.3±3.8 0.7±3.0 −1.3±1.5
Medium strain 2740±160 με (10.5 N) 2740±150 με (25 N) 2570±150 με (11 N) 2460±210 με (8 N) 2080±130 με (14.5 N) 2080±360 με (26 N) 2500±120 με (14.5 N) 2420±360 με (8 N)
Cortical area % 5.4±1.2 30.5±2.9* 3.2±1.5 4.1±1.6 3.0±2.7 18.7±1.9* 4.9±1.1 0.5±1.7*
Total area % 5.6±0.9 14.9±1.0* 4.5±1.2 3.7±1.0 3.4±1.4 8.5±1.5* 5.6±1.1 2.1±1.7
Medullary area % 5.8±1.4 −9.8±2.4* 7.2±2.1 3.4±2.2 4.0±3.0 −8.0±1.7* 7.2±3.1 4.6±2.4
High strain 3430±180 με (14 N) 2670±160 με (12 N) 2670±130 με (9 N) 2740±160 με (18 N) 2740±140 με (16 N) 2800±320 με (10 N)
Cortical area % 23.9±1.9 6.5±1.3 4.2±1.1 27.4±4.5 8.5±3.6 0.6±1.2*
Total area % 16.7±2.0 6.0±1.9 5.2±0.9 12.5±1.9 5.6±2.1 1.6±1.0
Medullary area % 6.5±5.5 5.1±3.2 7.0±1.5 −6.7±3.1 −1.0±1.5 3.1±1.3
Cancellous bone
Very low strain 1570±100 με (14 N) 1140±160 με (14 N)
BV/TV % 15.1±2.6 −0.1±1.9
Tb.Th % 8.9±1.2 0.9±2.6
Tb.N % 2.3±4.6 −0.8±1.8
Low strain 2220±160 με (9 N) 2220±100 με (19.8 N) 2150±120 με (9 N) 1910±250 με (6 N) 1630±120 με (11.5) 1630±330 με (19.8 N) 2150±100 με (12.5 N) 2220±280 με (6 N)
BV/TV % 6.4±4.4 19.7±4.0* 7.6±6.1 2.6±5.3 8.6±4.5 10.9±5.1 3.1±3.3 7.8±7.6
Tb.Th % 4.3±2.0 18.5±2.7* 6.1±2.8 2.0±2.6 6.2±3.2 11.1±3.8 6.1±1.7 4.2±1.3
Tb.N % 2.3±4.6 0.9±2.0 1.3±5.2 10.5±5.0 2.1±1.4 −0.4±2.0 −3.8±4.4 3.9±6.4
Medium strain 2740±160 με (10.5 N) 2740±150 με (25 N) 2570±150 με (11 N) 2460±210 με (8 N) 2080±130 με (14.5 N) 2080±360 με (26 N) 2500±120 με (14.5 N) 2420±360 με (8 N)
BV/TV % 5.4±5.8 41.3±4.8* 9.4±5.3 11.0±4.5 10.4±8.5 35.3±5.6* 4.7±2.9 6.7±3.5
Tb.Th % 3.3±3.1 36.6±2.8* 6.3±1.2 7.7±2.1 6.8±5.0 34.2±4.7* 9.0±3.5 4.5±1.0
Tb.N % 1.6±3.3 3.5±3.0 0.3±3.9 3.4±4.7 2.8±5.1 0.7±0.9 −3.9±2.9 5.7±2.2
High strain 3430±180 με (14 N) 2670±160 με (12 N) 2670±130 με (9 N) 2740±160 με (18 N) 2740±140 με (16 N) 2800±320 με (10 N)
BV/TV % 28.9±5.1 10.4±6.5 12.2±7.1 32.8±10.6 12.2±9.9 11.8±1.0
Tb.Th % 20.8±2.9 10.5±2.7 9.7±2.6 25.2±5.4 18.4±4.3 5.6±0.6*
Tb.N % 6.6±3.2 0.0±5.5 2.1±5.3 5.4±4.3 −6.4±5.9 6.1±1.4
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Fig. 3. Percent difference in cortical area between right (treated) and left (control) limbs in response to disuse induced by sciatic neurectomy (0 με) and varying magnitudes of strain
during in vivo axial loading in female andmale mice with the Lrp5HBM+ andWTHBM− (A and C), and the Lrp5−/− andWT+/+ (B and D) backgrounds. The plotted line only includes the
loading data and the equations of these lines are provided. Signiﬁcant strain:genotype interactions indicated that the slopes were different between the genotypes (see Tables 3 and
4). Unpaired sample t-tests compared the percent change in Lrp5HBM+ and Lrp5−/−with their WT littermates at similar magnitudes of strain. Data shown are the mean±SE (n=8/
group). *pb0.05 to b0.001.
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Fig. 4. Percent difference in BV/TV between right (treated) and left (control) limbs in response to disuse induced by sciatic neurectomy (0 με) and varyingmagnitudes of strain during in
vivoaxial loading in female andmalemicewith the Lrp5HBM+andWTHBM− (AandC), and the Lrp5−/−andWT+/+ (BandD)backgrounds. Theplotted lineonly includes the loadingdata and
the equations of these lines are provided. Signiﬁcant strain:genotype interactions denoted a difference in the slopes between the genotypes (see Tables 3 and 4). Unpaired sample t-tests
compared the percent change in Lrp5HBM+ and Lrp5−/− with their WT littermates at similar magnitudes of strain. Data shown are the mean±SE (n=8/group). *pb0.05 to b0.001.
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Table 3
The slope of the strain:response curves representing the responsiveness of each bone parameter to increasing mechanical strains in female mice (mean±SE, n=8/group) in
response to loading. A signiﬁcant interaction between the strain and genotype was detected for all cortical bone parameters and trabecular thickness indicating an effect of genotype
on gradients of the slope (pb0.05 to b0.001). Different letters in a row denotes the groups are signiﬁcantly different to each other, as detected from the post-hoc analysis (pb0.05 to
b0.001). Slopes in bold are signiﬁcantly different from zero.
F WTHBM− F Lrp5HBM+ F WT+/+ F Lrp5−/−
Cortical bone
Cortical area % 0.019±0.002b 0.019±0.002b 0.006±0.004a 0.002±0.003a
Total area % 0.012±0.002b 0.009±0.001b 0.002±0.003a 0.004±0.002a
Medullary area % 0.002±0.003b −0.009±0.003ac −0.008±0.007ab 0.007±0.005b
Cancellous bone
BV/TV % 0.019±0.006 0.022±0.006 0.005±0.013 0.000±0.009
Tb.Th % 0.014±0.003a 0.023±0.003b 0.006±0.007a 0.010±0.004a
Tb.N % 0.004±0.004 −0.002±0.005 0.012±0.010 −0.011±0.007
Tb.Sp % 0.006±0.004 −0.001±0.004 0.012±0.007 −0.006±0.004
191L.K. Saxon et al. / Bone 49 (2011) 184–193Trabecular bone analysis of loading effects in the samemice showed
that of the four trabecular bone parameters analysed, only Tb.Th
increased dose responsively in the male WT+/+ mice (Table 4). Tb.Th
in the male Lrp5−/− counterparts did not show a dose–response with
loading, though analysis of the side-to-side differences showed modest
but signiﬁcant Tb.Th loading effects at all 3 load levels in Lrp5−/−males
(Table 2). The magnitude of this response in Tb.Th was similar to that
found in maleWT+/+ mice.
FemaleWT+/+ and Lrp5−/−mice did not respond dose-responsively
to any of the trabecular parameters, the one exception being Tb.Th in
Lrp5−/− mice (Table 3, Fig. 4). However, since the female WT+/+ mice
did not respond to loading in a signiﬁcant dose:responsive manner, the
effect in Tb.Th is difﬁcult to interpret. Among theWT+/+ females, Tb.Th
in the high load groupwas the only outcome that produced a signiﬁcant
side-to-side effect (Table 2). Female Lrp5−/− showed signiﬁcant side-to-
side loading effects in BV/TV at the medium load, and in Tb.Th in the
medium and high loads, but interpretation of this effect is difﬁcult
because theWT+/+ controls did not respond for one of the three effects
found in Lrp5−/− females.Sensitivity to graded mechanical loading in vivo in Lrp5HBM+ mice
Mechanical loading signiﬁcantly and dose-responsively increased
the cortical bone parameters, % cortical bone area and % total area in
WTHBM− and Lrp5HBM+male and femalemice (Fig. 3, Tables 3 and 4). A
signiﬁcant dose-responsive reduction in medullary area was observed
in Lrp5HBM+ females, but not in their WT controls (Table 3). Analysis
of side-to-side differences at individual strain levels indicate that the
Lrp5HBM+ mice respond signiﬁcantly at strains insufﬁcient to induce a
similar cortical response inWTHBM−mice, and whenWTHBM−mice doTable 4
The slope of the strain:response curves representing the responsiveness of each bone parame
to loading. A signiﬁcant interaction between the slope of the adaptive strain–response curve
of genotype on gradients of the slope (pb0.01 to b0.001). Different letters in a row denotes th
(pb0.05 to b0.001). Slopes in bold are signiﬁcantly different from zero.
M WTHBM− M Lrp5HB
Cortical bone
Cortical area % 0.024±0.003c 0.019±0
Total area % 0.011±0.002 0.009±0
Medullary area % 0.005±0.003 −0.007±0
Cancellous bone
BV/TV % 0.023±0.008 0.039±0
Tb.Th % 0.018±0.005a 0.037±0
Tb.N % 0.003±0.004 0.002±0
Tb.Sp % −0.004±0.003 −0.010±0show a signiﬁcant side-to-side effect, the Lrp5HBM+ response is
typically signiﬁcantly greater (Table 2, Fig. 3).
Trabecular bone analysis of loading effects in the same mice
showed that mechanical loading signiﬁcantly and dose-responsively
increased BV/TV and Tb.Th in male and femaleWTHBM− and Lrp5HBM+
mice (Fig. 4, Tables 3 and 4). Post-hoc analysis of the strain:response
slopes indicated that the Tb.Th response to loading was signiﬁcantly
enhanced in male and female Lrp5HBM+ mice, compared with their
respective WTHBM− controls. Analysis of side-to-side differences at
individual strain levels indicate that the Lrp5HBM+ mice respond
signiﬁcantly at strains insufﬁcient to induce similar trabecular
responses in WTHBM− mice, and when WTHBM− mice do show a
signiﬁcant side-to-side effect, the Lrp5HBM+ response is typically
signiﬁcantly greater (Table 2).Discussion
The primary objective of the experiments described in this paper
was to establish the role of Lrp5 in bone's response to mechanical
loading. We did this by comparing the tibial response to increased
magnitudes of strain, and to disuse, in males and females from two
groups of mice: those that lack a functional Lrp5 receptor (Lrp5−/−)
and those that express the human Lrp5 G171V gain of function
mutation (Lrp5HBM+). The overall inferences from the study are that
lack of Lrp5 function i) has no inﬂuence on the amount of disuse-
related bone loss in cortical bone but is associated with greater bone
loss in cancellous bone; and ii) prevents load-induced bone formation
in the cortex and inhibits the response in trabecular bone in male
mice. It is difﬁcult to conclude whether Lrp5 status had similar effects
in female mice since for most parameters, neither the female Lrp5−/−ter to increasing mechanical strains in male mice (mean±SE, n=8/group) in response
and genotype was detected for cortical area and trabecular thickness indicating an effect
e groups are signiﬁcantly different to each other, as detected from the post-hoc analysis
M+ M WT+/+ M Lrp5−/−
.001c 0.015±0.006ac 0.001±0.006ab
.003 0.009±0.004 0.003±0.004
.004 −0.002±0.006 0.006±0.006
.010 0.015±0.015 0.008±0.015
.006b 0.020±0.009ab 0.002±0.009a
.006 −0.003±0.008 0.003±0.009
.005 −0.005±0.007 −0.002±0.007
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response to loading. In contrast, the presence of the Lrp5 G171V HBM
mutation in both males and females was associated with some
protection against disuse-related bone loss in both cortical and
cancellous bone and an increased osteogenic responsiveness to
loading that was especially apparent in the females.
The rationale for examining the bone loss associated with disuse in
these groups of mice was our hypothesis that if a more robust skeletal
phenotype is a result of greater responsiveness to loading then the
degree of bone loss associated with removal of the loading-related
stimulus should also be greater. Conversely if a less robust skeletal
phenotype were to be due to a lower osteogenic responsiveness to
loading this should be reﬂected by a lower level of bone loss
associated with disuse. In this experiment a direct comparison
between all the genders and genotypes investigated was complicated
by basal differences between theWT background of the Lrp5HBM+ and
Lrp5−/− colonies. This may have effects outside and in addition to
anything related to loading. It is unknown whether osteoclast activity
(which in these almostmature animalswould have been responsible for
the lower bone mass associated with disuse) is similar in timing or
extent in the different groups, even though it has been shown that
Lrp5HBM+ and Lrp5−/− mice show no differences in their osteoclast
number comparedwithWT controls [14,15].With these reservations in
mind, but assuming that such differences between groups are minor
compared with the main effects of their Lrp5 genotype, the outcome of
the disuse experiment appears to be that in cortical bone the degree of
bone loss is unaffected by the absence of functional Lrp5. In cancellous
bone, absence of a functional Lrp5 receptor is associated with greater
disuse-related increase in trabecular spacing and decrease in BV/TV and
trabecular number than in WT controls. In contrast the presence of the
Lrp5 G171V HBMmutation in the Lrp5HBM+mice is associated with less
loss of cortical and trabecular bone than in their WTHBM− controls.
Similar ﬁndings on Lrp5HBM+ and Lrp5−/−micewere reported by Bex et
al. and Akhter et al. [27,28]. This suggests that the more robust
phenotype of these animals may not be solely due to any enhanced
osteogenic response to loading but includes additional osteogenic
responses to other stimuli with osteoregulatory effects.
The rationale for examining the osteogenic response to loading
was to assess more directly the potential role of Lrp5 in bone's
responsiveness to mechanical loading. Since male Lrp5−/−mice show
no osteogenic response to loading in the bone cortex, and an absence
of dose-responsiveness for trabecular thickness, compared with their
dose-responsive WT controls, this could be ascribed to their Lrp5
status. In contrast, female Lrp5−/− mice showed a similar percent
increase in cortical area and cancellous bone as their WT+/+
littermates in response to high strains (Fig. 3). Interpretation of how
the absence of Lrp5 inﬂuences the sensitivity across a range of strains
is problematic in the female mice given that the female WT+/+ mice
of the Lrp5−/− colony did not themselves show a dose:response
relationship. The possibility that this lack of response was due to the
magnitude of the peak strains not reaching an appropriate threshold
is unlikely since at each strain there was a signiﬁcant osteogenic
response to loading that increased incrementally with strain. This
was, however, not enough to show a signiﬁcant a dose:response
relationship. Similarly the possibility that there was some experi-
mental error in the loading of this cohort of mice is unlikely since they
were loaded and analysed as a mixed population interspersed within
the other groups. Thus, while we cannot explain the apparently
anomalous absence of a statistically signiﬁcant dose:response rela-
tionship with increasing strain we have at present no grounds on
which to discount it being a real phenomenon.
All mice from the Lrp5HBM+ colony showed a signiﬁcant dose:
response to loading in both cortical and cancellous bone parameters.
Themagnitude of this response was greater inmice expressing the Lrp5
gain of function mutation. There also appeared to be an inﬂuence of
gender on the sensitivity of thesemice to loading. Femalemicewith theLrp5HBM+ genotype show a signiﬁcant osteogenic response at much
lower magnitudes of strain than all other male and female genotypes.
Although this is of interest, we have no evidence for the mechanism
involved. Furthermore, the reason for the increased sensitivity to
loading and reduced bone loss in response to disuse in Lrp5HBM+mice is
not clear. While it is tempting to ascribe this solely to the presence and
activity of the Lrp5 G171V HBMmutation, we do not know if increased
sensitivity to loading is a function of the speciﬁc activity of themutation
or the result of having 4-fold higher Lrp5 mRNA expression in bone
comparedwith controls [14]. There is support for it being the latter since
Babij et al. [14] have shown that over expression of the wild type, non-
mutated, Lrp5 gene in bone of mice results in a modest increase in bone
mass.
The results from our present study need to be compared with
those of previous studies with similar objectives. Akhter et al. [17]
report that in cortical bone female mice with the Lrp5HBM+ genotype
showed greater increases in periosteal bone formation rates than WT
controls in response to 5 days of tibial four-point bending. The
preliminary data from Hackfort et al., who axially loaded the tibia of
female Lrp5−/− mice [29], suggest that the absence of Lrp5 has no
effect on the responsiveness of cortical bone to mechanical loading.
These latter results are inconsistent with the data we generated for
male mice, though the comparison to our female data is inconclusive.
Our ﬁndings on male Lrp5−/−mice are consistent with the ﬁndings of
Sawakami et al. who report that after 3 days of sequential loading of
the ulna, male and female Lrp5−/− mice show an 88 to 99% lower
response to loading in the cortical bone than WT controls [16].
Sawakami et al. also reported that male and female Lrp5−/− mice
are equally capable as WT+/+ mice at recruiting osteoblasts in
response to a single period of mechanical loading and that absence of
functional Lrp5 had little effect on early mediators of mechanical
signalling, such as ATP and PGE2 release or ERK1/2 activation, that are
detectable within seconds or minutes of mechanical stimulation. They
attributed the deﬁciency of the fully osteogenic adaptive responses in
their study to the inability of Lrp5−/− osteoblasts to synthesise the
bone matrix protein osteopontin. This would explain the signiﬁcantly
reduced osteogenic response in male Lrp5−/− mice and supports the
notion that the canonical Wnt signalling has a role in bone cells'
response to mechanical loading. However, other data suggest that the
mechanism might not be so clear cut as indicated by Kato's ﬁnding
that Wnt-signalling still partially occurs in osteoblasts from Lrp5−/−
mice [15], by Robling's ﬁnding that the sclerostin antibody can
improve bone mass whether Lrp5 is present or not [30], or by the in
vitro ﬁndings by Sunters et al. [31] and Case et al. [1] showing that
during the early phase of the strain response, activation of the chief
effector of the canonical Wnt pathway (β-catenin) is not contingent
on Wnts interacting with the Lrp5 receptor. Thus, the required post-
loading pathways in bone cells may also depend on other receptors,
possibly Lrp4 [32] or Lrp6 [2].
The data we present here, at least in malemice, are consistent with
the differences in bone mass between normal WTmice and those that
lack Lrp5 function, being due to an altered responsiveness to bone
loading. Karsenty and colleagues attribute the low bone mass of the
Lrp5−/− related phenotype to the effect of Lrp5 on serotonin secretion
in the duodenum [33]. However, this ﬁnding has not been replicated
[34]. The Lrp5−/− mice in our study, as in that of Karsenty and
colleagues, may have had high serotonin levels. However, Warden et
al. [35] suggest that these high serotonin levels would not themselves
affect the bones' adaptive responses to loading. Our data are therefore
not inconsistent with Karsenty's conclusion but neither do they
support it.
In conclusion, the data presented here indicate that the expression
of the human Lrp5 G171V HBMmutation is associated in both cortical
and cancellous bone with an increased osteogenic responsiveness to
supra-physiological loading, which is more marked in females than
males, andwith some protection against the bone loss associated with
193L.K. Saxon et al. / Bone 49 (2011) 184–193neurectomy-induced disuse. Absence of normal Lrp5 activity is
associated in both males and females with greater neurectomy-
induced bone loss in cancellous bone than in WT controls but there is
no difference between these genotypes in the level of bone loss in the
cortex. Absence of Lrp5 activity abolished the percent increase in
cortical bone gain in response to loading in males but similar
experiments in females showing no difference in loading-related
response between those with and without functional Lrp5 were
inconclusive since for most parameters neither the female Lrp5−/−
mice nor their WT+/+ littermate controls, showed a statistically
signiﬁcant dose:response to loading.Acknowledgments
This work was supported by a programme grant to LEL and JP from
the Wellcome Trust. The mice were the kindly donated by Wyeth
Research, Monmouth, New Jersey. USA. The authors are grateful to
Kristien Verheyen for her advice on statistical analysis and Behzad
Javaheri for his insightful comments.References
[1] Case N, et al. Beta-catenin levels inﬂuence rapid mechanical responses in
osteoblasts. J Biol Chem 2008;283(43):29196–205.
[2] Robinson JA, et al. Wnt/beta-catenin signaling is a normal physiological response
to mechanical loading in bone. J Biol Chem 2006;281(42):31720–8.
[3] Robling AG, et al. Mechanical stimulation of bone in vivo reduces osteocyte
expression of Sost/sclerostin. J Biol Chem 2008;283(9):5866–75.
[4] Zaman G, et al. Osteocytes use estrogen receptor alpha to respond to strain but
their ERalpha content is regulated by estrogen. J Bone Miner Res 2006;21(8):
1297–306.
[5] Zaman G, et al. Early responses to dynamic strain change and prostaglandins in
bone-derived cells in culture. J Bone Miner Res 1997;12(5):769–77.
[6] Jessop HL, et al. Mechanical strain and ﬂuid movement both activate extracellular
regulated kinase (ERK) in osteoblast-like cells but via different signaling
pathways. Bone 2002;31(1):186–94.
[7] Boyden LM, et al. High bone density due to a mutation in LDL-receptor-related
protein 5. N Engl J Med 2002;346(20):1513–21.
[8] Little RD, et al. A mutation in the LDL receptor-related protein 5 gene results in
the autosomal dominant high-bone-mass trait. Am J HumGenet 2002;70(1):11–9.
[9] Gong Y, et al. LDL receptor-related protein 5 (LRP5) affects bone accrual and eye
development. Cell 2001;107(4):513–23.
[10] Johnson ML. The high bone mass family—the role of Wnt/Lrp5 signaling in the
regulation of bone mass. J Musculoskelet Neuronal Interact 2004;4(2):135–8.
[11] Li X, et al. Sclerostin binds to LRP5/6 and antagonizes canonical Wnt signaling.
J Biol Chem 2005;280(20):19883–7.
[12] Semenov M, Tamai K, He X. SOST is a ligand for LRP5/LRP6 and a Wnt signaling
inhibitor. J Biol Chem 2005;280(29):26770–5.
[13] Moustafa A, et al. The mouse ﬁbula as a suitable bone for the study of functional
adaptation to mechanical loading. Bone 2009;44(5):930–5.
[14] Babij P, et al. High bonemass in mice expressing amutant LRP5 gene. J BoneMiner
Res 2003;18(6):960–74.[15] Kato M, et al. Cbfa1-independent decrease in osteoblast proliferation, osteopenia,
and persistent embryonic eye vascularization in mice deﬁcient in Lrp5, a Wnt
coreceptor. J Cell Biol 2002;157(2):303–14.
[16] Sawakami K, et al. The Wnt co-receptor LRP5 is essential for skeletal mechan-
otransduction but not for the anabolic bone response to parathyroid hormone
treatment. J Biol Chem 2006;281(33):23698–711.
[17] Akhter MP, et al. Bone biomechanical properties in LRP5 mutant mice. Bone
2004;35(1):162–9.
[18] Torrance A, et al. Noninvasive loading of the rat ulna in vivo induces a strain-
related modeling response uncomplicated by trauma or periostal pressure. Calcif
Tissue Int 1994;54(3):241–7.
[19] Lee KC, Maxwell A, Lanyon LE. Validation of a technique for studying functional
adaptation of the mouse ulna in response to mechanical loading. Bone 2002;31
(3):407–12.
[20] Fritton JC, et al. Bone mass is preserved and cancellous architecture altered due to
cyclic loading of themouse tibia after orchidectomy. J BoneMiner Res 2008;23(5):
663–71.
[21] De Souza RL, et al. Non-invasive axial loading of mouse tibiae increases cortical bone
formation and modiﬁes trabecular organization: a new model to study cortical and
cancellous compartments in a single loaded element. Bone 2005;37(6):810–8.
[22] Clement-Lacroix P, et al. Lrp5-independent activation of Wnt signaling by lithium
chloride increases bone formation and bone mass in mice. Proc Natl Acad Sci U S A
2005;102(48):17406–11.
[23] Sugiyama T, et al. Mechanical loading enhances the anabolic effects of intermittent
parathyroid hormone (1–34) on trabecular and cortical bone in mice. Bone
2008;43(2):238–48.
[24] Sztefek P, et al. Using digital image correlation to determine bone surface strains
during loading and after adaptation of the mouse tibia. J Biomech 2010;43(4):
599–605.
[25] Sugiyama T, Price JS, Lanyon LE. Functional adaptation to mechanical loading in
both cortical and cancellous bone is controlled locally and is conﬁned to the
loaded bones. Bone 2010;46(2):314–21.
[26] Marenzana M, De Souza RL, Chenu C. Blockade of beta-adrenergic signaling does
not inﬂuence the bone mechano-adaptive response in mice. Bone 2007;41(2):
206–15.
[27] Bex F, et al. The human LRP5 G171V mutation in mice alters the skeletal response
to limb unloading but not to ovariectomy. J Bone Miner Res 2003;18(Suppl):
S60–1.
[28] Akhter MP, et al. Disuse-related decline in trabecular bone structure. Biomech
Model Mechanobiol 2011;10(3):423–39.
[29] Hackfort BT, et al. Bone Response to Mechanical Loads and Lrp5 Genotype. J Bone
Miner Res 2008;23(Suppl):S378–9.
[30] Robling AG, et al. Lrp5-deﬁcient mice are responsive to the osteo-anabolic action
of sclerostin antibody. J Bone Miner Res 2010;25(Suppl 1). Available at http://
www.asbmr.org/Meetings/AnnualMeeting/AbstractDetail.aspx?aid=c4925488-
7f85-4c51-977c-d2e76c355636.
[31] Sunters A, et al. Mechano-transduction in osteoblastic cells involves strain-
regulated, estrogen receptor {alpha}-mediated, control of IGF-IR sensitivity to
ambient IGF, leading to PI3-K/AKT dependent, Wnt/LRP5 receptor-independent
activation of {beta}-catenin signaling. J Biol Chem 2010;285(12):8743–58.
[32] Choi HY, et al. Lrp4, a novel receptor for Dickkopf 1 and sclerostin, is expressed by
osteoblasts and regulates bone growth and turnover in vivo. PLoS ONE 2009;4
(11):e7930.
[33] Yadav VK, et al. Lrp5 controls bone formation by inhibiting serotonin synthesis in
the duodenum. Cell 2008;135(5):825–37.
[34] Warman M. Regulation of bone mass by the direct action of LRP5 in bone. J Bone
Miner Res 2010;25(Suppl 1). Available at http://www.asbmr.org/itinerary/
presentationdetail.aspx?id=df09cfb7-924f-46e1-b0d4-f7892d1519d1.
[35] Warden SJ, et al. Inhibition of the serotonin (5-hydroxytryptamine) transporter
reduces bone accrual during growth. Endocrinology 2005;146(2):685–93.
